The ability of legumes to recognize and respond to ␤-glucan elicitors by synthesizing phytoalexins is consistent with the existence of a membrane-bound ␤-glucan-binding site. Related proteins of approximately 75 kDa and the corresponding mRNAs were detected in various species of legumes which respond to ␤-glucans. 
Introduction
The elicitor-receptor hypothesis may explain a key recognition event in plants which activates defense responses against pathogens (Ebel and Scheel, 1997) . Elicitors are defined as signal compounds that are produced directly or indirectly by pathogens, and consist of different classes of substances (Ebel and Scheel, 1997; Ebel and Mithöfer, 1998) . Although various plant defense mechanisms have been characterized in detail, recognition events occurring in plants after pathogen attack are not well understood. A number of high-affinity binding sites for purified elicitors have been characterized recently (Hahn, 1996; Ebel and Mithöfer, 1998) . The properties of these sites reflect the high biological selectivity and specificity of the ligands. These binding sites are candidates for receptors. In none of the studies, however, an elicitor-binding protein has been isolated and its role as a receptor has been proven.
1,3-1,6-␤-glucans of the oomycete Phytophthora sojae, a pathogen of soybean (Glycine max L.), were characterized as potent elicitors of a phytoalexin response in soybean tissues (Sharp et al., 1984) . Membrane-associated ␤-glucan-binding sites were shown to exist in the same soybean tissues that were able to produce phytoalexins following ␤-glucan treatment (Schmidt and Ebel, 1987) . Minimum structural requirements for both elicitor activity and ligand specificity were found in a defined 1,3-1,6-hepta-␤-glucoside (HG) (Cosio et al., 1990b; . Furthermore, the HG represented the ligand for which the ␤-glucan-binding sites displayed highest affinity with an apparent dissociation constant (K d ) in the nanomolar range (Cosio et al., 1990b; . The HG was also shown to possess the highest elicitor activity of all oligoglucosides tested so far. Radiolabeled derivatives of this compound were used to identify and characterize low abundance ␤-glucan-binding protein(s) (GBP) in soybean. The main component of the GBP was identified as a 75 kDa protein (Cosio et al., 1992; Mithöfer et al., 1996) and was recently purified to homogeneity using affinity chromatography (Mithöfer et al., 1996; Umemoto et al., 1997) .
The corresponding cDNA encoding a GBP from soybean has been cloned and heterologously expressed (Umemoto et al., 1997) . Binding activity for a ␤-glucan ligand with an average molecular mass of 10 kDa was detected for the recombinant proteins derived from transgenic tobacco cells and from E. coli. Saturation analyses were conducted only with a truncated ␤-glucan-binding protein using this high molecular weight ligand instead of the well-defined HG. Because the latter only partially inhibited binding of the high molecular weight ligand, the a These authors contributed equally to this work.
binding affinity for the hepta-␤-glucoside remained unresolved (Umemoto et al., 1997) . Moreover, the authors suggested the presence of a group of functionally distinguishable ␤-glucan-binding proteins in soybean, a hypothesis that was thought to be supported also by their observation of different cDNA sequences (Umemoto et al., 1997) .
The GBP used for amino acid microsequencing in the present study was isolated from microsomal membranes by using only derivatives of the HG for monitoring ligand binding during the process of its identification and purification (Mithöfer et al., 1996) . Therefore, the prerequisite for the isolation of the corresponding cDNA encoding the 1,3-1,6-hepta-␤-glucoside-binding protein was fulfilled. In this study we describe the presence of related GBPs in plants which are responsive to ␤-glucan elicitors, the isolation of soybean and bean cDNAs encoding homologous ␤-glucan-binding proteins, the heterologous expression of the full-length soybean GBP, some unexpected features of the GBP, i. e. the existence of a 'soluble' fraction of the protein, and the functional reconstitution of this 'soluble' protein into lipid vesicles.
Results

Heterologous Expression and Functional Analysis of the 75 kDa Hepta-␤-Glucoside-Binding Protein from Soybean
Microsequencing of the affinity-purified 75 kDa ␤-glucanbinding protein from soybean roots (Mithöfer et al., 1996) established peptide sequences which facilitated the cloning of the corresponding cDNA. The deduced protein contained 668 amino acid residues including one putative transmembrane helix. The calculated molecular mass of 74.6 kDa agreed well with that of the purified GBP (Mithöfer et al., 1996) . The size of the corresponding transcript was estimated as 2400 bases by Northern blotting (see below) and supported the assumption that this clone represented a full-length cDNA for the GBP. The nucleotide sequence was found to be nearly identical to a cDNA for a ␤-glucan-elicitor binding protein from G. max cv. Green Homer (Umemoto et al., 1997) . Out of 2232 matching nucleotides five were different, resulting in two different amino acid residues in the deduced amino acid sequence.
To assure that the cloned cDNA represented the GBP from soybean, the full-length cDNA was expressed heterologously in eukaryotic cells. Expression in tomato cell lines resulted in the recovery of high-affinity binding sites for the hepta-␤-glucoside. From ligand saturation studies with the radiolabeled HG conjugate (HG-APEA) in microsomal preparations of the well growing tomato cell line 11/1, a K d value of 4.5 ± 1 nM (n = 3) was obtained (Figure 1) . This value was similar to the K d for this ligand in soybean (1 -3 nM) as described previously (Cosio et al., 1990b; . The number of binding sites per mg of total membrane protein for independent transformants 3/2, 4, 11/1, and 11/5 was determined to be 225, 114, 115, and 70 fmol, respectively, similar to the value found for soybean cell suspension cultures (154 fmol/mg membrane protein). Saturable and specific binding activity for the HG ligand was detected neither in the soluble protein fraction of transgenic plant cells nor in nontransformed (Figure 1) (Cosio et al., 1990a; Mithöfer et al., 1996) was likewise insufficient to restore binding activity. The high yield of expression of the 75 kDa protein in Sf9 cells was exploited for the generation of a polyclonal anti-GBP antiserum. This antiserum exhibited GBP antigen specificity similar to the anti-peptide antiserum raised previously against a synthetic 15 mer internal oligopeptide sequence derived from the 75 kDa protein (residues V 326 -Y 340 ) (Mithöfer et al., 1996) , but was much more sensitive. Using this antiserum, the 75 kDa protein was detectable in non-purified protein fractions derived from soybean roots and transgenic tomato cell cultures (Figure 2 ). In addition to the microsomal fractions, soluble protein fractions contained a remarkable amount of the 75 kDa protein, which crossreacted with the anti-GBP-antiserum. This 'soluble' 75 kDa protein form did not display ␤-glucan-binding activity, neither in soybean nor in transgenic tomato cells.
In immunoprecipitation experiments using the antiserum combined with protein A-Sepharose, about 80% of the HG-binding activity was eliminated from crude solubilized soybean root membrane preparations. This result strongly supports the conclusion that the GBP represented the major elicitor-binding protein of the solubilized fraction initially used for protein purification (Mithöfer et al., 1996) .
Ligand Specificity of the Heterologously Expressed Soybean GBP
Ligand competition studies were performed to elucidate the ligand specificity of the recombinant GBP expressed in the tomato line 11/1. A variety of ␤-glucan fractions of increasing average degree of polymerization (DP), derived from Phytophthora sojae mycelial wall (1,3-1,6)-␤-glucans (Cosio et al., 1988 (Cosio et al., , 1990b , were used as competing agents against radiolabeled HG-APEA in binding assays with microsomal fractions from soybean roots and transformed tomato cells (Table 1 ). The concentration of the unlabeled ␤-glucan that was required for half-maximal displacement of the radioligand (IC 50 ) decreased by two orders of magnitude or more in both protein fractions when apparent DP values increased from 5 to 15 -25. The strong dependence of competition capacity on the apparent size of the competing glucan ligand fully agreed with our earlier experiments performed with the binding sites of soybean root membranes (Cosio et al., 1990b: 12 M and 100 nM, respectively). As also shown in Table 1 , the recombinant GBP displayed a ten-fold lower affinity for a ␤-glucan fraction with a DP of 25 -45 than the soybean GBP. For both the soybean and recombinant GBP from tomato the ␤-glucan fraction with a DP 25 -45 was less well bound than that with a DP of 15 -25. The ligand-binding characteristics of the soybean and of the recombinant GBP expressed in tomato were, thus, largely similar under the conditions tested.
Functional Reconstitution of a Non-Membrane Bound Form of the 75 kDa GBP
The detection of 'soluble' 75 kDa proteins by the antiserum in protein extracts from both soybean and transformed tomato cells that were devoid of binding activity prompted further studies on their relationship to the GBP. Using experimental conditions optimized for the reconstitution of the solubilized 75 kDa protein from soybean roots with crude soybean lipid or synthetic phospholipids (Mithöfer and Ebel, 1999) , ␤-glucan-binding activity of ␤-Glucoside Elicitor-Binding Proteins 707 10.5 ± 5.7 (n = 3)
Binding activity was analysed by determination of specific HG-APEA binding (total minus nonspecific binding). The results are the mean ± SE; n.d.: not detectable. 'soluble' 75 kDa protein derived from soybean and from transformed tomato cells was recovered in the lipid vesicles obtained with crude soybean lipid after separation from the protein extract by centrifugation at 200 000 g (Table 2 ). In contrast, soluble extracts from non-transformed tomato cells did not show lipid-dependent reactivation. In further control experiments, analyzing only crude soybean lipid in reconstitution buffer or soluble protein fractions from soybean and transgenic tomato without added lipid, no binding activity was measurable (Table  2) . As the ␤-glucan-binding proteins did not show any specific binding in the absence of membranes or lipids, it was not possible to assess the true efficiency of reconstitution. Although the amount of reconstituted ␤-glucanbinding activity from soybean root extracts was rather low (18.2 fmol/mg protein) a ligand saturation experiment was performed to compare the binding affinity of reconstituted HG-binding proteins with that of microsomal and solubilized proteins. The apparent K d value for the interaction of the reconstituted binding site with HG was estimated to be 130 nM (Figure 3 ), indicating a binding affinity that was likely with the microsomal proteins of pea and alfalfa, and possibly with that of lupine ( Figure 5C ). Hybridization of genomic soybean and bean DNA at high stringency with full-length probes of the respective cDNAs suggested the existence of single genes for the GBP in soybean ( Figure 6A ) as well as in French bean (Figure 6B) . For soybean and bean, respectively, one signal each was detected with BamHI-and EcoRI-restricted DNA, whereas HindIII restriction identified two DNA species, corresponding to the presence of a HindIII recognition site within both cDNAs. The genomic 5Ј-fragment of the GBP gene from bean produced by restriction with BamHI (position 561 of the cDNA) was not detectable with the probe used, probably because of the short overlaps.
Discussion
We have demonstrated that the recombinant protein expressed in tomato cells from the cDNA encoding the 75 kDa GBP of soybean retained the binding activity and, at least in part, the ligand specificity towards the hepta-␤-glucoside, the pure synthetic ligand that was bound with highest affinity by the soybean GBP (Figure 1, Table 1 ). The similarity of the affinity for the HG of the recombinant protein and the soybean GBP (Cosio et al., 1990b; supports the conclusion that the 75 kDa protein is a hepta-␤-glucoside-binding protein constituting the major fraction of the HG-binding site of soybean.
The differences in the results obtained for heterologous expression in insect cells and tomato cells were quite striking. The recombinant protein in insect cells appeared ␤-Glucoside Elicitor-Binding Proteins 709 around 40-times lower than that described for solubilized or microsomal soybean binding proteins (Cosio et al., 1990b; Frey et al., 1993) .
Homologs of the 75 kDa GBPs in Legumes and Isolation of the GBP cDNA from French Bean
Previously we reported that several species of the legumes in addition to G. max showed a close correlation between high-affinity binding of ␤-glucan elicitors and the ability to respond to ␤-glucan elicitation (Cosio et al., 1996) . In addition, we have been able recently to isolate a putative ␤-glucan-binding protein from french bean (Phaseolus vulgaris L.) by exploiting the purification procedure developed for soybean (Mithöfer et al., 1999b) . A PCR-based approach was used to analyze the nucleotide sequence of the gene encoding a ␤-glucan-binding protein from french bean (Figure 4) . Sequence comparisons revealed high similarities between the cDNAs (86% identity) and encoded proteins (85% identity plus 5% similarity) of french bean and soybean, respectively.
Northern blotting experiments with poly(A)-rich RNA from Fabaceae species used in the former study (Cosio et al., 1996) and the soybean GBP cDNA as a probe detected the homologous transcript in French bean (Phaseolus vulgaris) ( Figure 5A ). A similar result was obtained with mRNA of alfalfa (Medicago sativa) and lupine (Lupinus multilupa) when higher amounts of mRNA were used (data not shown). In pea (Pisum sativum) and broad bean (Vicia faba), no cross-hybridizing mRNA was detected. By using the internal bean GBP PCR probe homologous transcripts could be visualized for soybean, lupine, and, very faintly, for alfalfa ( Figure 5A,B) . The presence of homologous GBPs in other legumes was further confirmed by Western blotting analysis, showing cross-reactivity of the anti-GBP antiserum with microsomal proteins of French bean, very not shown). Although little is known about protein transport into and through the plasma membrane of plant cells, these results suggest that an as yet unknown component or mechanism appears to be necessary for both membrane association and expression of binding activity, but does not work in insect cells. Moreover, oligomerization, either through self-association or through association with an additional factor, might represent an intrinsic property of the GBP (Mithöfer et al., 1996) . Concerning self-association or complex formation with other components, it might be important to analyze whether the putative transmembrane helix (Figure 4 ) is critical for these suggested interactions. Umemoto et al. (1997) draw a number of conclusions from their studies that differ from those in our present work. These authors were not certain whether their recombinant protein expressed from the cDNA was indeed a HG-binding protein. Reasons that might have caused ambiguity in their experiments include the use of a radioligand other than the hepta-␤-glucoside, the fusion of a truncated domain of the GBP to MalE for assessing ligand binding, and the use of E. coli as the source for the recombinant protein used in ligand affinity and competition experiments. Further, they did not analyze subcellular localization in the two organisms, tobacco and E. coli, that were used for heterologous expression and its possible influence on binding activity. Umemoto et al. (1997) also described different possible homologs to the cDNA in soybean. We were able to detect multiple signals performing Southern blotting experiments with soybean genomic DNA at low stringency (data not shown), but we suppose a very low similarity of these crosshybridizing fragments with the gene for the GBP. The relationship of these genomic fragments with the GBP cDNA remains unknown at present.
In an earlier study, we demonstrated that in certain members of the plant family Fabaceae there was a close correlation between the existence of ␤-glucan-binding sites and the ability to respond to ␤-glucan treatment with phytoalexin production (Cosio et al., 1996) . We now propose that the basis of the responsiveness to this glucan elicitor lies in the presence of single-copy genes encoding closely related glucan-binding proteins, as demonstrated for soybean and bean. These findings are supported by immunoblotting experiments using anti-soybean-GBP antiserum ( Figure 5C ).
An interesting result was the high degree of similarity between the deduced amino acid sequences for the soybean and the putative bean GBP (Figure 4) , although the ligand-binding specificity and affinity of the French bean GBP was rather different in comparison to the soybean GBP (Cosio et al., 1996; Mithöfer et al., 1999b) . Together with results from the hybridization experiments using both the soybean and bean cDNA probes, the data indicate that the ␤-glucan-based signaling components of these two species are structurally more closely related to each other than to the other legumes analyzed ( Figure 5) . The results are also consistent with the phylogenetic grouping of to be primarily cytosolic and did not possess elicitor-binding activity in a cell-free extract. Attemps to restore binding activity by reconstitution of the insect cell-expressed protein into lipid vesicles, exploiting the experience with the 'soluble' forms of the 75 kDa protein derived from soybean or transgenic tomato cells, or by guidance of the polypeptide to the plasma membrane of Sf9 cells as a fusion protein with an N-terminal membrane anchor derived from the glycoprotein 67 (O'Reilly et al., 1994) were unsuccessful. These results indicate that insect cells are not suitable for the functional expression of the GBP.
The finding that the 75 kDa protein can be detected in 'soluble' protein fractions of soybean roots and transgenic tomato cells (Figure 2) where it is devoid of binding activity indicates that the compartmentalization may be more complex than thought earlier (Cosio et al., 1988) . It would be of interest to learn whether the distribution observed between the membrane-associated and soluble forms of the 75 kDa protein has any biological significance. For example, we do not yet know whether the 'soluble' form represents an intermediate before assembly of the active form associated with the plasma membrane or whether it resembles an inactivated form upon release from the membrane. Conversely, the 'soluble' protein could represent an artifact generated during tissue extraction. However, the reconstitution of the 'soluble' GBP (Table 2 , Figure 3) clearly demonstrates the capacity of restoring ␤-glucan-binding activity by incorporation of the inactive binding protein in lipid vesicles, thereby indicating the need of a lipid environment for the maintenance of activity of the ␤-glucan elicitor-binding proteins. We have previously shown that restoration of the binding activity of the soybean GBP was critically dependent on the lipid environment provided by the phospholipid used in the reconstitution experiments. Highest levels of reconstituted binding activity were obtained when the acyl chain length of the phospholipid was C10 and C12 (Mithöfer and Ebel, 1999) .
We have now observed that reconstitution of binding activity was restricted to proteins expressed in plant cells. It remains thus far unclear whether the (re)activation of binding activity by lipids is due to a direct specific requirement for these compounds or to their effects on the binding protein conformation. Differing membrane environments may explain the differences in binding affinity as disclosed in ligand competition analyses with the soybean GBP and the GBP expressed in tomato. However, in the ligand competition analyses, the differences were rather subtle and only apparent when a ␤-glucan fraction with a high DP range was used.
In contrast to other membrane-associated proteins, there was neither evidence for a membrane-targeting leader peptide nor for glycosylation of the GBP in the plant systems analyzed. The latter observation was remarkable in view of the presence of seven potential glycosylation sites in the GBP sequence, which were, at least partially, functional in insect cells after targeting the protein to the ER by using the glycoprotein 67 membrane anchor (results scribed (Mithöfer et al., 1996) and derived peptides were sequenced using a gas-phase sequencer (Applied Biosystems, model 470).
cDNA Synthesis and Selection
Soybean root cDNA was synthesized using the Superscript System and cloned into ZipLox NotI/SalI-arms (Gibco-BRL, Karlsruhe, Germany). For the first selection step, the initial cDNA was used as template for PCR amplification (annealing at 40°C) with degenerated primers derived from two peptide sequences, forward primer corresponding to residues D 51 -I 56 : 5Ј-GAC/ TCAICAIGAA/GTAC/TAT-3Ј; reverse primer corresponding to residues K 548 -E 541 : 5Ј-TTC/TTCA/GTANAA/GNGTNCCNCCC/ TTC-3Ј. The PCR product (approx. 1500 base pairs) contained an open reading frame which included two more peptide sequences and was used for the second cDNA selection step. Three positive clones were recovered from a root cDNA library screen of which the largest cDNA (2302 bp) was sequenced and used further (accession number Y10257).
Bean cDNA was recovered from reverse transcription (RT) of root RNA followed by PCR amplification of GBP-related sequences. First, RT-PCR was performed with random primers and internal oligonucleotides derived from the soybean GBP cDNA (forward: 5Ј-CAAGTTGAACCACACCCT 613 -3Ј, reverse: 5Ј-GCA-GCAGAATAATATGC 1548 -3Ј). A modified protocol for the rapid amplification of cDNA ends (RACE) was then used for the generation of overlapping cDNA fragments (Frohman et al., 1988; Fliegmann and Sandermann, 1997) . The same set of dT-adaptor primer (bsht17 and bsh) (Fliegmann and Sandermann, 1997) was exploited for 5Ј-and 3Ј-RACE. For 5Ј-RACE, a poly(A)-tail was synthesized after reverse transcription of bean RNA with Pv-GSP1 (5Ј-CCAC-TTGTACTCCACACA 744 -3Ј). After chromatographic purification of the synthesized complementary DNA (S-400 spin column, Pharmacia, Freiburg, Germany) unidirectional amplification was performed by single use of the adaptor primer bsh-t17 at low temperature (10 cycles with an annealing temperature of 40°C), followed by the addition of adaptor primer bsh and gene-specific nested primer Pv-GSP2 (5Ј-TTGTCAAGAACCGCCTCGTG 672 -3Ј) for 35 cycles with annealing at 52.5°C. 3Ј-RACE was performed as described (Frohman et al., 1988; Fliegmann and Sandermann, 1997) with Pv-GSP3 (5Ј-ATGCAATTGCAGCGCTCG 1343 -3Ј. The complete cDNA sequence composed of the three partly overlapping fragments comprised 2238 bp (accession number AF088188) and included an open reading frame which encoded 662 amino acids.
Heterologous Expression of the Soybean ␤-Glucan-Binding Protein
The Bac-To-Bac Baculovirus system (Gibco-BRL, Karlsruhe, Germany) was used for the expression of the soybean GBP in Spodoptera frugiperda (Sf9) cells (Invitrogen, Heidelberg, Germany) according to the manufacturer's instructions. Insect cells were harvested 3 days postinfection in PBS, pH 8.0.
For binding studies and Western blot analyses, we used transgenic tomato (Lycopersicon peruvianum L.) cell lines carrying stably integrated pDH51 (Pietrzak et al., 1986) derivatives. For the generation of the constructs, the GBP cDNA was inserted 3' to the CaMV 35S promoter into pDH51 either in sense or in antisense orientation, as well as the kanamycin resistance cassette from pSHI 913 (Schnorf et al., 1991) . The plasmids were introduced to the tomato cell line Msk8 by particle bombardment. The transformants were selected by addition of 20 mg/l kanamycin to Murashige-Skoog medium (Felix et al., 1991) and grown at 28°C in the dark. these species as members of the tribe Phaseolae. Although an overall similarity in the binding activity for the HG ligand was documented earlier for several legume species (Cosio et al., 1996) , subtle differences in the cross-reactivity with the GBP antiserum ( Figure 5C ) and the distinct cross-hybridization patterns as obvious in Northern blotting experiments ( Figure 5A ,B) suggest different levels of similarity of the GBPs. The isolation of the gene encoding the ␤-glucan-binding protein from bean enables us to perform structure-function analyses. This offers, for the first time, the possibility of exploring a family of membrane-bound elicitor-binding proteins in plants.
Of the candidate elicitor-binding proteins that have been identified at present (Hahn, 1996; Ebel and Mithöfer, 1998) , only a few have been isolated apart from the hepta-␤-glucoside-binding protein of soybean (Tang et al., 1996; Shibuya et al., 1996; Ji et al., 1998 ). An important aspect of future studies will be to verify the function of these proteins as receptors in the signal transduction cascade to activate defense responses. With the exception of Pto kinase that appears to physically interact with the bacterial AvrPto protein elicitor (Tang et al., 1996) and whose physiological function may be protein phosphorylation, no obvious clue as to the nature of the immediate signaling function is apparent with the other elicitor-binding proteins isolated so far (Shibuya et al., 1996; Ji et al., 1998) .
The earliest ␤-glucan elicitor-stimulated responses analyzed to date in soybean are intracellular reactions, including the transient increase of the cytosolic Ca 2+ level (Mithöfer et al., 1999a) as well as the activation of a putative MAP-kinase cascade (Daxberger et al., unpublished results) . They thus require the conversion of an extracellular binding event into an intracellular response. The plasma membrane-located ␤-glucan receptor of soybean was shown to be represented by a 240 kDa complex (Mithöfer et al., 1996) which most likely contains an as yet unidentified membrane protein in addition to the 75 kDa GBP. As the 75 kDa GBP itself does not contain any known functional domains which may be involved in signal transduction, this proposed function could be accomplished by the unknown component of this receptor complex.
Materials and Methods
Plant Material, RNA and DNA Methods, and Protein Sequencing
Plant material and growth conditions for soybean (Glycine max L. cv. 9007), French bean (Phaseolus vulgaris L. cv. Reina mora), pea (Pisum sativum L. cv. Lincoln), alfalfa (Medicago sativa L. var. Aragón), lupine (Lupinus multilupa L.), and broad bean (Vicia faba L. cv. Helda) were as described previously Cosio et al. (1996) . Total RNA from roots was prepared according to Chang et al. (1993) or Schröder et al. (1979) and DNA according to Draper et al. (1988) . Standard protocols were used for restriction enzyme digestions, RNA and DNA blots (Ausubel et al., 1987; Sambrook et al., 1989) . Hybridization conditions were according to Fliegmann and Sandermann (1997) unless otherwise noted. Approximately 5 g of the 75 kDa GBP from soybean roots were purified as de-
